ABSTRACT
Introduction
Over the last twenty years, research related to the hydration of metal atoms and ions has largely benefitted from the increasing potentiality of gas phase spectroscopy and mass spectrometry to probe a variety of solvation phenomena and the related chemistry of metal-doped water clusters. [1] [2] [3] [4] In particular, a considerable interest on group 2 of metals have aroused due to their divalent nature that allows only one intermediate charge state, M  , between the stable neutral metal, M, and the doublycharged M 2 ions, which are present in solutions. 3 Many aspects of the structure, reported, as a result of reactions that occur either during the cluster formation process 6, [8] [9] [10] [11] or upon their subsequent photoionization, 5 photodissociation, [8] [9] [10] [11] and collisioninduced dissociation. 12 For the former case, the investigation of the hydration of a metal atom/ion or a MOH/MOH  radical in (H 2 O) n clusters through cluster size-resolved experiments is feasible. Recent results on the hydration and reactions of neutral barium atoms in water clusters from this laboratory, provide a case in point. 6 A series of experiments and ab initio calculations has been conducted to show that, as a result of distinct cluster-growing processes involving ground-state and electronically excited state Ba atoms, Ba(H 2 O) n (n = 14) and BaOH(H 2 O) m (m = 13) clusters are produced with similar abundances in a laser vaporization-supersonic expansion source. This was taken in the present study as an advantage point to investigate the stepwise hydration in water clusters of the BaOH radical. 19, 20 systems that have been studied previously.
Owing to the neutral charge state of BaOH and the highly ionic character of its BaOH bond, it will be significant to contrast the present results with those obtained in studying the hydration process of the related MOH (M = alkaline metal) species, [14] [15] [16] [17] [18] in order to address the role of the BaOH unpaired electron on its stepwise hydration in small water clusters.
In this paper we report ionization energies for BaOH( of related theoretical studies on the alkali monohydroxides, [14] [15] [16] [17] [18] which allows for an interpretation of the opposite trends that are found in the cluster size dependence of the vertical ionization energies for both series of systems, as well as addressing the similarities and differences between the corresponding stepwise hydration behaviors.
Experimental details
The experimental setup has been fully described in previous works. 6, 7, 21 
Theoretical methods
As shown in a previous study addressing to neutral and cationic barium atom- (with x = 0 for neutral and x = +1 for cationic clusters), were estimated as:
where
electronic energies of the relevant species, including zero-point vibrational energy (E ZPE ) corrections based on the mPW1PW91 calculations.
As usual, vertical ionization energies (IE v ) were computed as the total electronic energy difference, including E ZPE corrections, between the cationic and neutral species, taken both at the optimized geometries of the neutral clusters. In a similar way, adiabatic ionization energies (IE a ) were derived from the optimized geometries of the cationic and the corresponding neutral clusters.
Additional calculations have been performed to evaluate the hydration energies (E hyd 's) of both Ba-and BaOH-doped water clusters, as defined by the reactions
and calculated according to the expressions:
where 
Experimental results
The internal energy excess of the resulting barium monohydroxide-water clusters may be released in the early stages of the supersonic expansion, through collisions with He and by the following evaporative process:
Since the pick-up process occurs mostly in the post-expansion region, where the probability of multiple collisions with the buffer gas is low, the evaporation of water molecules is likely the dominant stabilization process for neutral BaOH(H 2 O) m clusters. 
Theoretical results

BaOH radical
The calculated geometry of the BaOH radical agrees very well with previous experimental and theoretical values. 21 The linear structure is well reproduced and the computed Ba-O bond distance of 2.204 Å is in excellent agreement with the experimental value of 2.201 Å. 27 The similarity of the neutral and cationic BaOH geometries leads to similar vertical and adiabatic IE`s of 4.58 and 4.54 eV, respectively, which are also in very good agreement with the recent experimental determination of (4.55 ± 0.03 eV). 
Solvation of BaOH in water clusters
Ionization energies of BaOH(H 2 O) m clusters
To calculate the adiabatic ionization energies of BaOH(H 2 O) m clusters, the corresponding cationic structures were optimized at the mPW1PW91 level of theory.
The derived geometries and CCSD(T,Full) binding energies are given in Figure 3 . (m = 0 -3) clusters derived from the DFT and the CCSD(T,Full) methods. As it can be seen, both levels of theory lead to very close IE v and IE a values for all m. A good agreement between the experimental and calculated IE's is apparent, and the systematic decrease of IE e´s with increasing size of the cluster is well reproduced. Noteworthy, such a trend is opposite to the reported behavior in previous theoretical studies of the MOH(H 2 O) m (M = Li, Na, K, Rb, Cs) systems, [14] [15] [16] [17] for which the IE v´s , as derived from the MP2 method were found to increase consistently with the number of water molecules. Unfortunately, no experimental data seems to be available to confirm the findings for the hydrated alkaline hydroxides.
5D33 a (-59.4)
4D33 (-50.4) 3 species except for their lowest-energy isomers.
The adiabatic ionization process for the less stable clusters involves a substantial geometry rearrangement of the ionic species. For example, the ring structure is broken upon the 2U02 + h → 2U01 + or 3U02 + h → 3U01 b + processes. As a result, the adiabatic process for these clusters is likely to be spectroscopically unfavourable.
Considering that the actual ionization process probably involves a structural relaxation of the ion to some extent, the computed IE v`s can be seen as upper theoretical limits.
Discussion
Comparison of experimental and theoretical results
As abovementioned, the theoretical analysis shows that cluster structures with Ba-OH 2 bonds are mostly favoured. The quantum chemical results of Table I .
BaOH solvation in (H 2 O) m (m = 1 -5) clusters
The present results indicate that the sequential attachment of water molecules to BaOH changes its linear geometry to some extent (see Figure 2) as well as the Ba-OH bond length. This is a consequence of the changes in the local charges of the Ba and O atoms in BaOH, and thus to the polarization of the Ba-OH bond, as induced by the water molecules.
The strong Ba systems, [14] [15] [16] [17] allow estimates in the number of water molecules which seem to be required for full dissociation of the relevant metal monohydroxides: m > 5 for BaOH, 7
for LiOH, 16 6 for NaOH and KOH, 17 5 for RbOH, 15 and 4 for CsOH. 
Solvation of BaOH vs Ba and MOH (M = Li, Na, K, Rb, Cs) in water clusters
A theoretical energy level diagram of the hydration energies for the relevant BaOH-and Ba-doped water clusters, for both neutral and cationic species is depicted in Figure 7 . It is apparent that the hydration energies of with delocalization to some extent of the corresponding unpaired electron over the surrounding water molecules. Figure 8 shows theoretical results on the SOMO's for the most stable isomers of BaOH(H 2 O) 15 clusters as well. These SOMO's extend in a large vacant space around the barium atom and in a direction perpendicular to the Ba-OH bond, which indicates that they retain a nonbonding character upon sequential solvation by less than five water molecules. Most significantly, these unpaired electron density distributions are chiefly polarized away from the electron clouds on the oxygen atoms of both the water molecules and the OH  moieties, which for all cluster sizes are found to be more negative than the oxygen atom of bare H 2 O (Fig. 2) . This is especially true for the oxygen atoms of the OH  moieties, which in turn suggests that, despite the Ba-OH bond distance increases with the cluster size (see Sec. 
